The guanine nucleotide binding protein (G protein) cascade underlying phototransduction is one of the best understood of all signaling pathways. The diffusional interactions of the proteins underlying the cascade have been analyzed, both at a macroscopic level and also in terms of the stochastic nature of the molecular contacts. In response to a single activated rhodopsin (R*) formed as a result of a single photon hit, it can be shown that molecules of the G-protein transducin will be activated approximately linearly with time.
transducin will be activated approximately linearly with time.
This, in turn, will cause the number of activated molecules of the effector protein (the phosphodiesterase) also to increase linearly with time. These kinetics of protein activation provide an accurate description of the time course of the rising phase of the photoreceptor's electrical response over a wide range of flash intensities. Recent estimates indicate that at room temperature each R* triggers activation of the phosphodiesterase at a rate of 1000-2000 subunits*s'1. Now that a quantitative description of the activation steps in transduction has been obtained, perhaps the greatest challenge for the future is to provide a comprehensive description of the shutoff reactions, so that a complete account of the photoreceptor's response to light can be achieved.
The transduction of light into a neural signal in rod and cone photoreceptors provides an excellent example of signaling by a guanine nucleotide binding protein (G protein) cascade of reactions (1) (2) (3) (4) (5) . First, the participating proteins are present in the outer segment at extraordinarily high concentration. Second, these proteins have been well characterized at a molecular and a biochemical level (2, 3) . Third, the molecular mechanism of activation in the cascade is known in considerable detail (1) (2) (3) (4) . Fourth, the cell's electrical response to illumination has been studied thoroughly (5) , thereby providing an assay for the time course of changes in concentration of the cytoplasmic messenger cGMP (6) . As a result it is now possible to model the molecular interactions underlying activation of the cascade (7) . Such modeling is most appropriately performed by stochastic simulations (8) because, for any flash intensity up to several thousand photoisomerizations per rod, each disc membrane surface receives at most only one or a few photon hits. The results of the simulations (described below) agree extremely closely with macroscopic analytical approximations, and together the two approaches provide an accurate description of the rising phase of the photoreceptor's electrical response in quantitative molecular terms (7, 8 integral membrane protein with characteristic 7-transmembrane segment structure; it is activated to R* (metarhodopsin II; white) within a few milliseconds of photon absorption. The G-protein transducin (G; green) is a heterotrimer, which in the quiescent state has a molecule of GDP bound to its a subunit. Upon diffusional contact between R* and G (open arrows) the two proteins bind, and the G, is enabled to release the bound GDP. Provided that GTP is present in the cytoplasm, a molecule of GTP binds to the vacant nucleotide binding site, creating the activated G-GTP. The two protein molecules then separate, with the R* unaltered; by analogy with other cascades, the G protein is thought to split, with the a-subunit G&GTP representing the active form G* (yellow). The PDE effector protein E (blue) is tetrameric, comprising two closely similar hydrolytic a and 1 subunits each with an attached inhibitory -y subunit. Upon contact between G* and E, the G* binds to the -y subunit and relieves its inhibitory influence, thereby activating E to E* (red). Because of its double-unit structure, the PDE can bind two G*s, but the two units appear to act independently. The activated PDE, E*, hydrolyzes cGMP in the cytoplasm, reducing the concentration of cGMP and thereby causing closure of cGMP-gated channels in the plasma membrane.
zymatic gain, permitting the attainment of very high overall amplification.
Inactivation. The subsequent steps involved in response inactivation and recovery are less well understood than the activation steps outlined above. Although qualitative information is available on rhodopsin phosphorylation, on the Gprotein's GTPase activity, on the decline in cytoplasmic Ca21 concentration, and on calcium's role in activating guanylyl cyclase, there is not as yet a quantitative understanding of the way in which all these factors fit together. For this reason, the following analysis is restricted to the activation steps in phototransduction, and it therefore provides a description only of the onset phase of the response to light.
Simulation of the Diffusional Interactions Underlying Activation
The diffusional interactions of the proteins have been simulated by Monte-Carlo techniques (8) , and an example is presented in Fig. 2 . The molecular species are identified (Inset), and the four panels depict areas of membrane at successive times after activation of a single molecule of R*. Initially, the molecules were distributed randomly ( Fig. 2A) , with the G protein (green) and the effector protein (blue) present at mean concentrations of 2500 and 250 molecules per tLm2, respectively, and with a single R* (white) at the center of the region.
For t > 0, the molecules underwent two-dimensional diffusion, according to the estimated lateral diffusion coefficients of the respective molecular species (see Fig. 2 legend) . After 0.2 ms (Fig. 2B ), the R* had contacted and activated three molecules of G protein to the excited form, G* (yellow); of these three G*s, one had contacted and bound to an effector molecule, to produce an E* (red). Subsequently, at 0.4 ms (Fig.  2C) , five G*s had been activated, of which four had contacted effectors to produce E*s. Finally, after 1 ms, a total of 10 G*s and 5 E*s had been generated (Fig. 2D , illustrating the whole area of the simulation).
Although the stochastic nature of the activation reactions is evident in Fig. 2 , this randomness may be appreciated more intuitively by viewing a dynamic simulation. A computer program (WALK) that provides such a simulation is available on the Internet (for details, see ref. 8 Single white R* was initially placed at the center of the region, and the green Gs and blue Es were randomly distributed, with mean concentrations 2500 and 250 ,um-2. At time 0, the molecules began undergoing lateral diffusion, simulated by Monte-Carlo methods (8) , using the estimated lateral diffusion coefficients for R*, G, G*, and E of 0.7, 1.2, 1.5, and 0.8 ,um-2-s-1, respectively (4, (7) (8) . Scale: region of simulation was -200 nm2, with nonabsorbing boundaries, and diameters of the R*, G, and E molecules were 3, 6, and 7 nm; pixel size, 0.4 nm; simulation time increment, 0.02 pis. Simulation was performed on an i486 machine using the program WALK (8) Proc. Natl. Acad. Sci. USA 93 (1996) ms, it is necessary to expand the area of the simulation >100-fold to include in excess of 10,000 molecules; in practice, the computation time increases in proportion to the square of the time simulated.
The simulated time course of activation of G* and E* is shown in Fig. 3 for diffusion-limited conditions with a standard set of parameters for an amphibian rod outer segment (7, 8) . Fig. 3A superimposes the traces obtained for 20 simulations and demonstrates the large amount of variability obtained in successive trials due to the stochastic nature of the reactions. Fig. 3B plots the average behavior determined from 100 such simulations. For G*, the average simulated time course (solid trace) is very similar to the prediction (dashed trace) obtained from a macroscopic model based on analogy with the diffusion of heat in two dimensions (7) (8) (9) . Unfortunately, no analytical model is yet available to describe the time course of activation of E* or indeed the time course of G* when activation occurs at less than the diffusion limit (see below).
Linear Time Course of E* Activation. An important feature of the simulated curves in Fig. 3 is that the numbers of activated molecules of G* and E* increase approximately linearly with time after photon arrival. Although there is slight curvature in the trace for the diffusion-limited activation of G* (which is accounted for by a logarithmic term in the analytical description), the curvature becomes less pronounced if the rate of activation drops below the diffusion limit. Thus, if there is 750 ] A a low probability of reaction upon each contact between R* and G, or if there is some finite delay time involved in the binding of GTP, then the activation of G* will proceed more slowly than for the upper traces illustrated in Fig. 3B ; in addition, the time course will more nearly approximate a straight line.
For the activation of E*, it may be seen that even in the diffusion-limited case (Fig. 3 ) the time course is very nearly linear. This finding permits the derivation of a simple expression for the initial phase of the electrical response.
Predicted Electrical Response. The qualitative form of the activation kinetics for the proteins, and also for cGMP and the electrical response, is sketched in Fig. 4 . Upon absorption of a photon, a single molecule of rhodopsin is activated to R* after a delay of a few milliseconds. Since inactivation reactions are being ignored, this R* is assumed to remain active; in reality, it will be inactivated with a time constant of a couple of seconds at room temperature (10). In the diffusion limit, molecules of G* and E* will be produced at a mean rate of about 6000 and 4000 s-1. As the quantity of activated PDE increases, the soluble cytoplasmic messenger cGMP will be hydrolyzed more rapidly, and the free cGMP concentration will decline (Fig. 4C) , leading to closure of cGMP-gated ion channels and to a reduction in the fractional circulating current F(t).
To put this description on a quantitative basis, it is necessary to incorporate the linear temporal increase of E* into the differential equation for the synthesis and hydrolysis of cGMP.
For the PDE, we have E*(t) = (DVRE(t -td) for t > td, [1] where 4F is the number of photoisomerizations delivered at t = 0, VRE is the rate of activation of E*s by a single R*, and td is (1996) 569 a small delay that includes the time taken for R* to be activated.
For cGMP synthesis and hydrolysis, the differential equation is d -cGMP = a -3cGMP, [2] dt where a is the rate of cGMP synthesis by the cyclase. The rate constant of cGMP hydrolysis, 13 , should increase in direct proportion to the number of activated molecules of PDE and may be written as ((t) = (0 + 3subE*(t), [3] where go is the residual dark activity, and 1sub iS the hydrolytic rate constant per activated PDE subunit. These equations may be solved analytically, subject to two restrictions. First, it is assumed that all the parameters are constant. In practice, this restricts consideration to sufficiently early times that the cytoplasmic Ca2+ concentration is unaltered, so that the cyclase rate a remains constant at ao. Second, the flash intensity (F must be sufficiently high (i) that longitudinal concentration gradients of cGMP can be neglected, and (ii) that the term 3(t)cGMP(t) dominates in comparison with ao -g3ocGMP(t) (which is initially 0). Under these conditions, the solution for the cGMP concentration is found to have a Gaussian time course (sketched in Fig. 4 ).
For cGMP concentrations at or below the dark resting level, the opening of plasma membrane ion channels follows a power-law dependence on cGMP, with exponent n 2-3 (6).
Application of this transformation makes no change to the underlying Gaussian time course and gives the fractional circulating current F(t) as F(t) = exp-(DA(t -td) /2}
for t > td. [4] This equation provides a single-parameter description of the rising phase of the electrical response to a flash of (F photoisomerizations, since it transpires that all the physical parameters of the model coalesce into just one factor. This parameter, A, specifies the amplification constant of transduction and is given by [(kcat/2Km)nl A = VRE [ VCYtONAvBP [5] where kcat and Km are the turnover number and Michaelis constant for the fully activated PDE, Vcyto is the cytoplasmic volume of the outer segment, NAV is Avogadro's number, and BP is the cytoplasm's buffering power for cGMP (7).
Comparison with Experiment
Amphibian Rods. The predictions of Eq. 4 are compared with the experiment in Fig. 5A in suction pipette recordings from a salamander rod. In this cell, the cytoplasmic Ca2+ concentration had been buffered by incorporation of chelator, so as to minimize the influence of calcium-dependent inactivation reactions (11) . Under these conditions the electrical response is well described using the single parameterA = 0.077 s-2, in conjunction with the measured flash intensities (F.
Eq. 4 has also been shown to provide a good description of the rising phase of the flash response of rod and cone photoreceptors from a variety of lower vertebrate species under control conditions (i.e., in the absence of calcium chelator) (4, 7) . In addition, the response-intensity relation at fixed times (not shown) is well described by a simple exponential saturation (12); this result is predicted by Eq. 4, which exhibits the form F = exp(-k(F) at any fixed time. (12) are compared with the predictions of Eq. 4. The a-wave recordings have been truncated in time at the point where the subsequent b-wave began intruding, and they have been normalized to the maximal response, so as to provide a measure of the fractional circulating current F(t) of the rod photoreceptors that should be directly comparable with theory. Except at the very earliest times the correspondence between theoretical and experimental traces is again close, using a single parameter (A = 8.7 s-2) together with the measured flash intensities. The discrepancy at early times can be eliminated by incorporating a more realistic description of several brief delays that have been lumped together here into td (13) .
For six normal observers, the a-wave families were well described by Eq. 4, for flash intensities ranging from 200 to at least 20,000 photoisomerizations per rod per flash, with a mean amplification constant ofA = 7.5 s-2 (12) . To illustrate the potential clinical use of the approach as a means of estimating the locus of dysfunction within living human photoreceptors, the fitting procedure was applied to the a-waves of . Colloquium Paper: Lamb Proc. Natl. Acad. Sci. USA 93 (1996) two patients with retinal disease (12) . For a patient with retinal dystrophy, the magnitude of the circulating current was normal but the amplification constant of phototransduction was significantly reduced, while for a patient with sector retinitis pigmentosa the amplification constant was normal but the magnitude of the circulating current was reduced.
Comparison of Estimates of VRE. The rate VRE of activation of E* in response to a single R* may be estimated by substituting the measured amplification constant into Eq. 5, provided that the values of the constants are known. For amphibian rods at room temperature, recent estimates of the physical parameters are kcat = 4400 s-1 and Km = 95 ,uM (14) , n = 2 (15), Vcyt0 = 1 pl, and BP = 1-2 (7), so that the term in square brackets in Eq. 5 becomes 3.8-7.6 x 10-5 S-1 VRE* Adopting this factor, the mean experimental value of A = 0.076 s-2 yields a PDE activation rate of VRE = 1000-2000 E* s-i per R* for salamander rods at 22°C.
This estimate for the rate of E* activation is within a factor of 2 of previous estimates of the rate of G-protein activation from light-scattering methods, which have given 800-1100 G* s-1 per R* at room temperature (16, 17) . The value is, however, considerably higher than earlier estimates obtained from PDE assays (based on the release of protons during cGMP hydrolysis), which yielded values in the region of 100-200 E* s-1 per R* at room temperature, but it seems likely that those in vitro measurements significantly underestimated the true rate. However, irrespective of the precise rate of protein activation, the form of the onset phase of the electrical response is predicted accurately by the model based on twodimensional lateral diffusion of proteins at the membrane.
The Future. Now that activation of the electrical response can be described quantitatively, a major challenge for the future will be to provide a comprehensive description of the shutoff reactions. Once the inactivation steps can be described quantitatively at a molecular level, it should be straightforward to incorporate them into the stochastic model WALK. This will enable us to paint a complete picture of the photoreceptor's light response that includes not only the onset phase but also its recovery and the important phenomenon of light adaptation. When a comparable level of quantitative information is available for other G-protein cascades (such as the ,B-adrenergic and olfactory receptor mechanisms), it should similarly be possible to describe the gain and kinetics of their responses to stimulation.
